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Edited by Shou-Wei DingAbstract Dicers are associated with double-stranded RNA-
binding proteins (dsRBPs) in animals. In the plant, Arabidopsis,
there are four dicer-like (DCL) proteins and ﬁve potential
dsRBPs. These DCLs act redundantly and hierarchically. How-
ever, we show there is little or no redundancy or hierarchy
amongst the DRBs in their DCL interactions. DCL1 operates
exclusively with DRB1 to produce micro (mi)RNAs, DCL4 oper-
ates exclusively with DRB4 to produce trans-acting (ta) siRNAs
and 21nt siRNAs from viral RNA. DCL2 and DCL3 produce
viral siRNAs without requiring assistance from any dsRBP.
DRB2, DRB3 and DRB5 appear unnecessary for mi-, tasi-, viral
si-, or heterochromatinising siRNA production but act redun-
dantly in a developmental pathway.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In Arabidopsis, Drosophila, and humans, many developmen-
tal processes are regulated by micro (mi) RNAs cleaved from
their primary transcripts by dicer-like nucleases in speciﬁc
association with the double-stranded RNA-binding proteins
(dsRBP): DRB1, R3D1, and PACT, respectively [1–5]. Other
dicer-like nucleases in Drosophila, nematodes and Arabidopsis
partner with dsRBPs R2D2, RDE4 or DRB4 for the biogene-
sis of small RNAs from diﬀerent classes of dsRNA transcripts
[6–8].
Plants have a basic minimum set of four dicer-like (DCL)
proteins [9], a number of dsRBPs [1,10], and produce at least
ﬁve classes of small RNA: microRNAs (miRNAs), natural
antisense transcript siRNAs (natsiRNAs), heterochromatin
siRNAs (hc-siRNAs), trans-acting siRNAs (ta-siRNAs), and
siRNAs from invading viral RNAs [11]. It has been widely
suggested that each DCL requires an associated dsRBP for
the production of these sRNAs. [1,10,12,13]. Furthermore,
the DCLs in Arabidopsis have been shown to act in a redun-*Corresponding author. Address: CSIRO Plant Industry Canberra,
P.O. Box 1600, ACT 2601, Australia. Fax: +61 2 62465000.
E-mail addresses: peter.waterhouse@csiro.au, peter.waterhouse@
usyd.edu.au (P.M. Waterhouse).
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doi:10.1016/j.febslet.2008.07.004dant and hierarchical way [14–17]. Taking a molecular and ge-
netic approach, we have sought to identify which of the ﬁve
dsRPBs and four DCLs, in Arabidopsis, interact with each
other and whether each dsRPB has an exclusive relationship
with a single DCL, or a collective redundancy that provides
combinatorial DCL/dsRBP activities.2. Materials and Methods
2.1. Plant material and viruses
The Arabidopsis gene mapping tool, the T-DNA express (http://sig-
nal.salk.edu/cgi-bin/tdnaexpress) was searched for plant lines harbour-
ing T-DNA insertion mutations in Arabidopsis gene sequences
homologous to dsRBPs. T-DNA insertion mutants were identiﬁed
for the ﬁve putative Arabidopsis dsRBP sequences as described in
Fig. 1. The tomato spotted wilt virus (TSWV), turnip mosaic virus
(TuMV) (isolate-3696F;18) and cucumber mosaic virus (CMV) isolates
were kind gifts from Fiona Poke, Mark Schwinghammer and John
Randles, respectively.
2.2. PCR conﬁrmation of drb single and multiple mutants
Single, double, triple and quadruple drb mutant plants were gener-
ated by standard genetic crosses. Homozygous genotypes were vali-
dated by PCR analyses, after two generations, using primers
(described in Supplementary Information (SI) Table 1) and a CTAB-
based DNA extraction method. DNA was extracted from small leaf
samples in 100 ll of 0.5· CTAB using a Tissuelyser (Retsch Inc.,
Haan, Germany). To each sample, 50 ll of chloroform was added,
mixed well by hand and centrifuged at 3800 rpm for 5 min. A 0.5 ll ali-
quot of supernatant was used directly for each PCR ampliﬁcation reac-
tion.
2.3. Virus infection and isolation of viral small RNAs
Seeds of Arabidopsis Col-0 wild-type and drb mutant plants were
sterilized and germinated under short-day growth conditions on MS
agar, and transferred to soil two weeks later. After a further week in
soil, the plants were mechanically inoculated with extracts made from
virus-infected plant material, and maintained in short-day conditions
until assayed for infection by ELISA (Agdia Inc., Indiana,
SRA18700, SRA39300, SRA44501), following the manufacturers pro-
tocol, and by visual observation of virus symptoms, 2–3 weeks later.
Total RNA was isolated from infected plants using a concentrated lith-
ium chloride-based method [19] and the small RNA fraction was iso-
lated as described [20].2.4. Northern blot analysis
Viral siRNAs were separated on 17% (20:1) polyacrylamide gels,
transferred to membranes, and probed essentially as described [15].
TuMV- and TSWV-speciﬁc riboprobes were made by Sp6 RNA poly-
merase transcription from cloned portions (1200nt TuMV, 777nt
TSWV) of the viral genomes. These viral fragments had been generated
by PCR using the primers: P33-36 (see SI Table 1) and cloned into
pGEM-T Easy (Invitrogen).blished by Elsevier B.V. All rights reserved.
Fig. 1. The ﬁve dsRBPs in Arabidopsis thaliana. (A) A phylogenetic
tree constructed from the full length amino acid sequences from the
ﬁve Arabidopsis dsRBPs and two dsRBPs from Drosophila and
nematodes, R2D2 and RDE-4, respectively. The four Arabidopsis
DCL full length sequences were included as an outgroup. (B) A generic
schematic diagram of the double-stranded RNA binding protein
(dsRBP) from Arabidopsis with an arrow head indicating the location
of the T-DNA insertion for DRB1 (1), DRB2 (2), DRB3 (3), DRB4 (4)
and DRB5 (5). The shaded area indicates the region of the gene that
encodes the dsrm. (C) The table provides information on the individual
DRB proteins including the genome address of the gene, the T-DNA
accession number, the size of the ORF and the position of the T-DNA
as determined by sequencing reaction using primers from the LB of the
T-DNA.
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3.1. Identiﬁcation, generation and phenotypes of individual drb
mutant lines
The double-stranded RNA-binding proteins known to be
involved in miRNA biogenesis and RNAi-like processes in
Drosophila, humans and nematodes are R3D1 [2], R2D2 [7],
PACT [3], TRBP [21,22] and RDE4 [8]. Each of these proteins
possesses either two or three dsRNA-binding motifs (DsRM:
deﬁned by pFAM http://www.sanger.ac.uk/Software/Pfam/).
A search of the Arabidopsis proteome for proteins containing
these motifs revealed ﬁve proteins, (AtDRB1, 2, 3, 4 and 5;
Fig. 1) that resembled R2D2 and RDE4 by having two adja-
cent DsRMs in the amino-terminal half of the protein, no
known motifs in the carboxy-terminal half, and sizes of 35–
40 kD. These ﬁve DRB proteins have also been previously
identiﬁed as having potential to be involved with RNAi-like
processes [1]. No Arabidopsis proteins with the three adjacent
DsRM arrangement of R3D1 and PACT were found. The
amino acid sequences of AtDRB2, AtDRB3 and AtDRB5
form a single phylogenetic cluster and have a closer relation-ship with AtDRB4 than with AtDRB1 (Fig. 1A). This relation-
ship is also reﬂected in the similar intron–exon arrangements
of AtDRBs 2, 3, 4 and 5 (Fig. 1B).
To investigate the roles of the diﬀerent Arabidopsis DRBs,
plant lines carrying T-DNA insertions in these genes (Fig.
1B, C and SI Fig. 1A) were obtained from either Salk or GABI
Arabidopsis collections and were screened with allele-speciﬁc
primers to obtain homozygous mutants. Each mutant line
was conﬁrmed to have appropriately-disrupted transcripts by
RT-PCR (SI Fig. 1B). The drb1-2 (ashyl1-2) and drb4-1 mu-
tants have been described previously [6,10,23] and we named
the other mutant lines drb2-1, drb3-1 and drb5-1. For clarity,
we do not refer to the speciﬁc allele numbers hereafter.
The overall appearances (Fig. 2) of drb3 and drb5 plants are
similar to that of wild-type plants, except that drb3 grows
slightly faster. The leaves of drb2 plants are typically ﬂatter,
and more serrated, blue-green and ovoid than those of wild-
type plants. The stunted, hyponastic form of drb1 and the var-
iably-penetrant precocious vegetative phase change, dcl4-like
phenotype of drb4 have been well described previously [6,10].
Individual mutant lines were crossed, selfed and screened in
various permutations to produce all the possible double, three
triple and two quadruple mutants. (Fig. 2A, G and SI Fig. 2).
In these plant lines, the drb1 phenotype was epistatic to all of
the other drb-induced phenotypes, except the drb1-associated
hyponasty which was hypostatic to the ﬂat-leafed phenotype
conferred by drb2. The drb2 and drb4 phenotypes were additive
and both independently masked the drb3 and drb5 phenotypes.
This can be summarized as:- drb1 > drb2:drb4 > drb3:drb5. The
drb2,3,5 triple mutant phenotype (Fig. 2G) is much more se-
vere than those of the single or double mutant counterparts
suggesting that there is functional redundancy amongst these
three genes, which is consistent with the high degree of related-
ness of their sequences (Fig. 1A). DRB1 is required for the eﬃ-
cient production of miRNAs [23] and both DRB1 and DRB4
are required for tasiRNA biogenesis [6,24]. Mutations in Drb1,
Drb4, miRNA genes or miRNA-target genes often result in
alterations in the leaf edge serration, curvature (epinasty or
hyponasty) or shape. The display of such alterations in the
drb2 anddrb2,3,5 mutant plants suggested that the proteins
from the Drb2/Drb3/Drb5 gene group might also be involved
with the miRNA, tasiRNA or siRNA pathways.3.2. The roles of the DRBs in miRNA and tasiRNA biogenesis
DRB1 aids DCL1 to process primary transcripts of miRNAs
into pre-miRNAs and subsequently into mature miRNAs [23].
To determine if any of the other DRBs are also involved in
miRNA biogenesis, the levels of ﬁve miRNAs, namely
miR156, miR158 and miR163 (Fig. 3A), miR164 and
miR173 were analyzed in each single drb mutant background.
The level of each miRNA was greatly reduced in drb1 but was
essentially normal in the other four drb mutants. The same ﬁve
miRNAs were analyzed in the double mutants drb1,2, drb1,3,
drb1,4 and drb1,5 and their levels were similar to those in
drb1 (Fig. 3B) suggesting that DRB2, DRB3, DRB4 and
DRB5 are unable to aid DCL1 in the production of mature
miRNAs.
To test for multiple redundancy between the DRBs for
miRNA biogenesis, the levels of a range of miRNAs were
analyzed (Fig. 3C and D) in two triple mutants (drb2,3,4
and drb2,3,5) and one quadruple mutant (drb1,2,3,5). The
Fig. 2. Expression patterns of At dsRBPs and phenotypes of their mutants. (A) Five week old plants of the ﬁve DRB T-DNA insertion mutants;
drb1, drb2, drb3, drb4 and drb5 highlighting the developmental defects resulting from loss of the individual Drb transcript. (B) Histochemical staining
of representative transformants, containing the promoter GUS reporter transgene expressed under the control of the individual Drb promoters.
These patterns were very similar in all ﬁve independent lines examined per construct. (C) Wild-type Arabidopsis cv. Columbia (Col-0) showing typical
symptoms of TSWV. (D) Close-up of TSWV-infected leaf. (E) Representative plants of the ﬁve drbmutants, transformed with a hairpin targeting the
phytoene desaturase gene (hpPDS), showing the silencing phenotype of extreme photo-bleaching. (F) Northern blot of small RNAs from drb4 and
two triple mutant plants transformed with hpPDS. (G) Multiple drb mutants.
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were reduced, with one exception (miR168), in the quadruple
mutant, to levels similar to those in the drb1 background.
This suggests that DRB2, DRB3, DRB4 and DRB5 play no
role in the biogenesis of most miRNAs. The levels of
miR168 were speciﬁcally chosen for analysis in drb2,3,5 and
drb1,2,3,5 plants because the appearance of drb2,3,5 (Fig.
2G and SI Fig. 2), resembles that of plant lines artiﬁcially
over-expressing miR168 [25], and levels of miR168 appear
to be less aﬀected, than those of other miRNAs by the drb1
and dcl1-9 mutations [16]. These observations raised the pos-
sibility that miR168 is processed by a diﬀerent DCL/DRB
combination than the usual DCL1/DRB1 partnership. How-ever, the undiminished levels of miR168 in the triple or qua-
druple drb mutants suggest that none of the DRBs play an
essential role in its production. Rather than being involved
in miRNA production, DRB2, DRB3 and DRB5 could be re-
quired for transfer of miRNAs to eﬀector complexes. To
investigate this, and taking note of the restricted expression
patterns of these DRBs (see below), the expression levels of
four genes, Myb33, Rev, Spl10 and Arf8, in the shoot apical
meristem (SAM) and surrounding tissues, were examined by
quantitative PCR. The regulation of each of these genes by
miRNAs in the SAM region has developmental consequences.
However, there was no detectable de-repression of these genes
in these tissues (SI Fig. 4).
Fig. 3. miRNA and tasiRNA accumulation in various DRB single,
double, triple and quadruple mutant backgrounds. RNA gel blot
analysis of sRNAs extracted from 4 week old whole plant tissue. (A)
miRNA 163 levels in Col-0 wild-type, drb1, drb2, drb3, drb4 and drb5.
(B) miR158 and miR163 in Col-0, drb1 and drb1 double mutants. (C)
miR158 levels in Col-0, drb1, and two drb triple mutants. (D)
miR159,164 and 168 levels in Col-0 and three drb triple mutants. (E)
tasiRNA 255 (from TAS1), 1511 (from TAS2) and 2142 (from TAS3)
in Col-0 and the single drb mutants. (F) tasiRNA levels in Col-0 and
drb4 and drb4 with the each of the other drb mutations, and the triple
drb2,3,4 mutant. (G) tasiRNA levels in Col-0, drb4 and the drb2,3,4,5
quadruple mutant.
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iRNA biogenesis. To determine if DRB2, DRB3, and/or
DRB5 are also involved in this pathway, ta-siRNAs derived
from TAS1, TAS2 and TAS3 transcripts were analyzed in sin-
gle, double and triple drb mutants. As previously reported
[6,24] ta-siRNAs derived from TAS1, TAS2 or TAS3 tran-
scripts were produced at very low levels in drb1 plants (Fig.
3E) due to the lack of production of their initiating miRNAs,
and TAS1 and TAS3 were also at reduced levels in drb4 plants.
Introduction of further mutations into the drb4 background,
to generate double and triple drb mutants, did not further re-
duce the production of ta-siRNAs from TAS1, TAS2, orTAS3 transcripts (Fig. 3F) suggesting that the substantial lev-
els of ta-siRNAs produced from these transcripts in the drb4
background are produced by DCL4 without requiring assis-
tance from DRB4, and with no contribution by DRB2,
DRB3 or DRB5.
3.3. The roles of the DRBs in the biogenesis of viral and hairpin
RNA siRNAs
The dsRBPs R2D2 and RDE4 have been shown to interact
with DCRs in Drosophila and nematodes in their antiviral de-
fence pathways [26–28]. All four Arabidopsis DCLs process
replicating viral RNAs into siRNAs with a functional hierar-
chy of: DCL4 > DCL2 > DCL3 > DCL1 [12,14,15]. However,
the possible functional and hierarchical roles of DRBs in viral
siRNA biogenesis have not been investigated. Therefore, we
challenged our suite of drb mutants with tomato spotted wilt
virus (TSWV) and analyzed the resulting viral siRNA proﬁles.
The proﬁle of TSWV-infected wild-type plants consisted pri-
marily of 21nt RNAs. A similar proﬁle was observed in in-
fected drb1, drb2, drb3 and drb5 plant lines (Fig. 4A).
However, the proﬁle of infected drb4 plants contained substan-
tial levels of 22nt and 24nt viral siRNAs and lacked 21nt siR-
NAs. The siRNA proﬁles in double mutant plants (Fig. 4C)
fell into two categories. All double mutants which were wild-
type with respect to Drb4 showed a wild-type viral siRNA pro-
ﬁle and all of the drb4-containing double mutant proﬁles
lacked 21nt siRNAs and had commensurately-elevated levels
of both 22nt and 24nt siRNAs. In Arabidopsis, the vast major-
ity of 21nt siRNAs produced from replicating viral RNAs are
made by DCL4 and, in dcl4 mutants, DCL2 and DCL3 pro-
duce elevated amounts of 22nt and 24nt viral siRNAs, respec-
tively [11,15,17]. Therefore, the lack of 21nt viral siRNAs in
the drb4mutant proﬁle demonstrates that DRB4 is an essential
co-factor for this DCL4 activity. This is consistent with the in
vitro binding observed between DCL4 and DRB4 [1,10] and
the demonstrated partnership of DCL4 with DRB4 in the pro-
duction of 21nt ta-siRNAs [6].
Processing of RNAi-inducing hairpin RNA (hpRNA) by the
four Arabidopsis DCLs into diﬀerently-sized siRNAs closely
parallels the processing of replicating viral RNAs [15]. There-
fore, as an alternative way of analyzing the roles of DRBs in
siRNA production, a transgene encoding a hairpin RNA
(hpRNA) construct (hpPDS) against phytoene desaturase
(PDS) was transformed into the single drb mutant lines. Trans-
genic plants with strong PDS silencing, as indicated by intense
photo-bleaching (Fig. 2E), were obtained for all genotypes ex-
cept drb4 which produced plant lines with milder photo-
bleaching. Analysis of the siRNA proﬁles from hpRNAs in
wild-type and drb4 plants (Fig. 2F) revealed that, in the ab-
sence of DRB4, the 21nt siRNA levels are greatly reduced with
a concomitant increase in the levels of 22nt and 24nt siRNAs.
This result not only parallels the drb/TSWV siRNA ﬁndings,
but also those from experiments using diﬀerent dcl mutants
[13,15] which showed that the eﬃciency of hpRNA-mediated
silencing was signiﬁcantly reduced in the dcl4 mutant back-
ground but that some transformed lines could provide RNAi
mediated by the 22nt and 24nt siRNAs produced by DCL2
and DCL3, respectively.
To investigate whether the DRBs, like the DCLs, have hier-
archical redundancy in siRNA production, the siRNA proﬁles
were analyzed in two triple drb mutants (drb2,3,4 and drb2,3,5)
challenged with TSWV or transformed with the hpPDS con-
Fig. 4. Viral siRNAs and methylation-sensitive PCR in single and multiple drb mutants. (A) Northern blot analysis of 21–24nt viral siRNAs from
Col-0 and drb single mutants infected with TSWV, 25dpi. (B) Northern blot anlaysis of drb2,3,4, drb2,3,5 and Col-0 plants infected with TuMV,
25dpi. (C) Northern blot analysis of 21–24nt viral siRNAs in double and triple drb mutant plants infected with TSWV, 25dpi. (D) McrBC-digested
genomic DNA, from drb2,3,4, drb2,3,5, drb1,2,3,5, met1 and dcl3, ampliﬁed by PCR using primer pairs speciﬁc to six retro-elements and one pair
speciﬁc to an unmethylated region of the chalcone synthase gene (CHS). McrBC-PCR was carried out on untreated () and treated (+) DNA. See
Supplementary Information Table 1 for primer sequences.
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fected drb2,3,5 (Fig. 4C) and hpPDS-transformed drb2,3,5
(Fig. 2F) were indistinguishable from those of infected, or
hpPDS-transformed, wild-type plants, respectively. Also, the
predominant 22 + 24nt siRNA proﬁles of TSWV-infected, or
hpPDS-transformed, drb2,3,4 plants were indistinguishable
from those of their drb4 counterparts (Figs. 4A, C, and 2F).
These results show that neither DCL2 nor DCL3 requires
DRB2, DRB3, DRB4 or DRB5 as a co-factor for the produc-
tion of viral- or hpRNA-derived siRNAs, and also provides
evidence suggesting that these DRBs do not act redundantly
to aid either DCL2 or DCL3 activity. To verify that DRB2,
DRB3 and DRB5 do not provide a redundancy of function re-
quired for DCL3 to process viral RNAs into 24nt siRNAs,
drb2,3,5 plants were challenged with an isolate of turnip
mosaic virus (TuMV-3696F [18]) which gives a viral siRNA
proﬁle containing easily-detectable levels of 24nt siRNAs in
wild-type plants (Fig. 4B). In these drb2,3,5 plants, the levels
of 24nt siRNAs were not reduced (Fig. 4B), conﬁrming this
lack of DRB functional redundancy.
3.4. Tissue speciﬁcity of DRB expression
To investigate the expression patterns of the DRBs, Arabid-
opsis plants were transformed with the GUS reporter gene [29]
regulated by the promoter regions of the diﬀerent Drb genes
and then stained for GUS expression (Fig. 2B). The Drb1:GUS
construct showed ubiquitous and constitutive expression.Drb2:GUS activity was conﬁned to developing anthers and
pollen, as well as to maturing and germinating seeds.
Drb3:GUS activity was highest in the SAM region, but was
also present at lower levels in most plant tissues. Drb4:GUS
was speciﬁcally expressed in the vasculature, the root and
shoot apical meristem regions and in developing anthers.
Drb5:GUS activity was restricted to the SAM and surrounding
apical region, and to immature ﬂower buds. The expression in
these buds disappeared as the ﬂowers matured.
3.5. The roles of the DRBs in transposon control
The promoter–GUS fusion results suggest that DRB2,
DRB3 and DRB5 are most-highly expressed in germline and
apical meristem tissues, a pattern reminiscent of the germ-
line-restricted expression of the AGONAUTE3 (AGO3),
AUBERGINE (AUB) and PIWI genes, which together gener-
ate repeat-associated (ra)siRNAs that guide a retro-transposon
defence pathway in Drosophila [30]. This raised the possibility
that DRB2, DRB3 and DRB5, either separately or in concert,
might play a role in suppressing retro-element activity in
plants, either in a DCL-free AGO3/AUB/PIWI-like RNA slic-
ing process or in a DCL3-dependent 24nt siRNA-guided meth-
ylation process. Nullifying the suppression process, by either
postulated mechanism, would be expected to decrease the level
of retro-element methylation in the genome. Therefore, the
methylation status of ﬁve Arabidopsis retro-elements were
examined in wild-type, met1, dcl3, drb2,3,4, drb2,3,5 and
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yses (Fig. 4D). If DRB2, 3 or 5 were involved in retro-element
suppression, a decrease in methylation, such as seen in plants
mutant for methyl-transferase met1 [31,32] or dcl3 [33] (shown
by undiminished PCR ampliﬁcation from McrBC-treated
DNA), might have been expected. However, all ﬁve retro-
elements in drb2,3,4, drb2,3,5, and drb1,2,3,5 plants had high
levels of methylation similar to those in wild-type plants
suggesting that Drb2, Drb3 and Drb5 are not involved
in a pathway that suppresses retro-transposons in
Arabidopsis.4. Discussion
Modern plants have a basic set of four dicer types [9] and it
has been widely suggested that each of them requires an asso-
ciated DRB in order to function [1,10–12]. These four DCLs in
Arabidopsis act in a redundant and hierarchical way, so it
seemed possible that its ﬁve R2D2-like DRBs would also show
redundancy to provide combinatorial DCR/DRB activities.
However, the results from our experiments suggest that neither
scenario is accurate. The production of miRNAs by DCL1 is
aided exclusively by DRB1 and DCL4 operates exclusively
with DRB4 in both the biogenesis of trans-acting siRNAs,
and the production of 21nt siRNAs from a viral RNA or
hpRNA. DCL2 provides a back-up activity to DCL4-medi-
ated defence against some viruses [14], suggesting that DRB4
might aid DCL2 in the production of 22nt siRNAs from virus
templates. Surprisingly, inactivation of none of the ﬁve Drb
genes had any detrimental eﬀect on the production of these
siRNAs from TSWV, suggesting that DCL2 is able to process
viral dsRNA without a DRB co-factor. DCL3 might have
been expected to require a DRB co-factor for its processing
of 24nt siRNAs and, from in vitro protein–protein interaction
studies, the most likely candidates would be DRB2 and DRB5
[1]. Furthermore, the sequence similarity amongst DRB2,
DRB3 and DRB5 suggests that they might act redundantly.
However, production of viral and hpRNA-derived 24nt siR-
NAs was unimpaired in plants deﬁcient for all three of these
proteins showing that DCL3 does not require any, or all, of
them for this cleavage process.
It is interesting that DCL4 is able to produce substantial
amounts of ta-siRNAs without DRB4 but requires it for the
generation of siRNAs from TSWV and hpRNA substrates.
Perhaps DCL4 can be recruited and directed without DRB4
by an RDR6-containing complex generating the complemen-
tary RNA strand of the TAS transcripts, but does require
the stabilization and recruitment functions of DRB4 in order
to process dsRNAs generated by viral replicases or fold-back
hybridization. If this is the case, TSWV RNA may be a partic-
ularly good substrate for visualizing this dependence because
the virus has an ambisense genome arrangement (SI Fig. 5)
and encodes a silencing suppressor protein, NSs, thought to
inactivate RDR6-associated activity [34]. The expression of
DRB4 appears to be most concentrated in, and possibly re-
stricted to, vascular and vascular-associated cells. This distri-
bution is consistent with the notion that DCL4 exerts
most of its antiviral action by attacking viral RNAs as they
are unloading from the phloem [14]. The expression pattern
of DCL4 is not currently known in detail. It may be that
DCL4 is expressed throughout the plant to perform DRB4-independent TAS-processing functions and is focussed, by
DRB4, onto antiviral activities in cells surrounding the vascu-
lature.
Intriguingly, Arabidopsis DRB2, DRB3 and DRB5 do not
appear to be generically involved in miRNA, hc-siRNA, ta-
siRNA or viral siRNA production. Drosophila R2D2, is re-
quired for the transfer of viral siRNAs to RNAi-eﬀector com-
plexes but not for siRNA production by Dicer2. DRB2, DRB3
and DRB5 might also have a sRNA transfer rather than cleav-
age-associated function. However, the lack of de-repression of
miRNA-target genes, lack of de-methylation of transposons,
unaltered levels of tasiRNA-target genes and unaltered RNAi
in the drb2,3,5 triple mutant suggest that this is not the case.
What roles might DRB2, DRB3, and DRB5 play in a plant?
Interrogating the rice genome with Arabidopsis Drb sequences
reveals that rice has eight Drb orthologs (SI Fig. 3) with
DRB2, DRB3, DRB5, Os09g33460, Os05g05790 and
Os10g33970 forming a tight cluster distinct from DRB1,
DRB4 and the other ﬁve rice Drb genes. Furthermore, the Ara-
bidopsis triple mutant drb2,3,5 has a marked developmental
phenotype that is not seen in individual drb2, drb3 and drb5
mutant lines, nor in any pairwise combination. Taken to-
gether, this suggests that the three genes are conserved across
plant species and may act redundantly in a common role in
some tissues. The germline expression patterns of DRB2 and
DRB5 may provide some insight into the role(s) of the
DRB2/3/5 activity. Perhaps they co-operate with DCL1, in
very speciﬁc tissues, to mediate the production or transfer of
a subset of miRNAs which we did not assay for; although
we deliberately analyzed the expression of genes in the tissues
where the expression of DRB2, DRB3 and DRB5 largely over-
lap, namely the shoot apical meristem (SAM) region, and
which are targets of miRNAs known to be important in this
region. Alternatively, DRB2, DRB3 and DRB5 may inhibit
inappropriate DCL activity in the SAM by binding directly
to DCLs or being antagonists to DRB1 or DRB4. Another
possibility is that DRB2, DRB3 and DRB5 form part of a
powerful virus defence mechanism in germline tissues, possibly
involving DCL4, that protects against the seed transmission of
viruses. However, we were unable to detect any seed transmis-
sion of cucumber mosaic virus (a virus that is highly seed
transmissible in legumes but not in Arabidopsis) in 1000 prog-
eny from CMV-infected drb2,3,5 plants. One of the most excit-
ing scenarios is that DRB2, DRB3 and DRB5 are involved in a
developmental pathway that involves dsRNA and is as yet
undescribed. Such a pathway could involve the transport of
RNAs to diﬀerent locations within a cell, as has been described
for the transport of biccoid and oskar mRNAs by the dsRBP,
Stauﬀen, to establish polarity in Drosophila embryos [35], or
the transport of RNAs from cell to cell in an analogous way
to a viral movement protein [36].
Whatever the roles of DRB2, DRB3 and DRB5, we provide
evidence that they are not involved in the general production
of miRNAs, hc-siRNAs, ta-siRNAs or viral siRNAs, that
DCL1 operates exclusively with DRB1 to produce miRNAs,
that DCL4 operates exclusively with DRB4 in the production
of ta-siRNAs and 21nt siRNAs from viral RNA, and that
DCL2 and DCL3 produce viral siRNAs without requiring
assistance from any DRB. These ﬁndings reﬁne the frame-
work, as summarized in Fig. 5, of DCL/DRB interactions in
virus defence, transposon control, RNAi and miRNA biogen-
esis in plants.
Fig. 5. A model summarizing the interactions of DCLs with DRBs for the production of small RNAs in Arabidopsis.
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